We report in situ trapping of a thiolated DNA duplex with eight base pairs into a polymer-protected gold nanogap device under near-physiological conditions. The double-stranded DNA was captured by electrophoresis and covalently attached to the nanogap electrodes through sulfur-gold bonding interaction. The immobilization of the DNA duplex was confirmed by direct electrical measurements under near-physiological conditions. The conductance of the DNA duplex was estimated to be 0.09 S. We also demonstrate the control of DNA dehybridization by heating the device to temperatures above the melting point of the DNA. © 2010 American Institute of Physics. ͓doi:10.1063/1.3505152͔
There has been considerable interest in DNA detection and electrical measurement for a wide range of potential applications in nanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Optical detection based on gold ͑Au͒ and luminescent nanoparticles offers high detection sensitivity and selectivity but typically suffers from limited use in highly multiplexed detection and in situations of turbid fluidic environment. Electrical probing-based detection has recently emerged as an alternative approach to optical detection because it is compatible with aqueous media and allows direct signal readout in multiplexed format. However, real-time conductance analysis of an individual doublestranded DNA ͑dsDNA͒ requires stringent electronic contact of the DNA to devices. [13] [14] [15] [16] [17] [18] [19] [20] [21] Among many electrical probing techniques, nanogaps as contact electrodes with nanometer separation have been intensively used for studying the conductance of DNA. [22] [23] [24] [25] It should be noted that the hybridization of DNA strands typically occurs in buffer solution of high ionic strength as the negative phosphate groups on the backbone of the DNA require a proximate condensation of positively charged counter ions. 26 The inevitable presence of background ionic current due to the buffer solution often interferes with electronic signal read-out and hinders direct conductance measurement of the dsDNA in solution. [27] [28] [29] [30] Therefore, it has been challenging to carry out reliable conductance measurement of DNA duplexes in aqueous solutions under near-physiological conditions ͑i.e., high ionic strength͒. 31 Here we demonstrate in situ trapping of a thiolated DNA duplex with eight base pairs into a polymerprotected sub-2 nm gold nanogap. More significantly, we also demonstrate the ability to carry out, under nearphysiological conditions, direct conductance measurements of the captured DNA duplex and monitor the change in conductance as the dsDNA melts.
The polymer-protected gold nanogap devices were fabricated through a process of electromigration and concurrent self-aligned polymer ablation in a polymethylmethacrylate ͑PMMA͒-coated constricted electrode structure using a simple slow voltage sweep technique as previously reported. 32, 33 In a typical experiment, we first patterned electrodes with a constriction by electron beam lithography. Metal layers of 18-nm-thick Au and 2-nm-thick Cr ͑as an adhesion layer͒ were thermally evaporated and lifted-off in acetone to create the Au electrodes. A PMMA layer of ϳ100 nm thick was then spin-coated onto the device as the a͒ Electronic mail: elettl@nus.edu.sg.
FIG. 1. ͑Color online͒ ͑a͒
Schematic of an electrophoresis setup for DNA trapping. The DNA 5Ј-SH-GCGCGCGC-3Ј is self-complementary. The sub-2 nm nanogap is exposed to DNA solution through a PMMA hole opening ͑ϳ100 nm in diameter͒ and the rest of the device remains protected by the polymer. Applied bias was 1 V. 100 M⍀ is the series resistor to limit the electric field after the capture of one dsDNA to avoid multiple trapping events. ͑b͒ In situ monitoring of dsDNA trapping: two typical conductance vs time curves of DNA trapping ͑trapping 1 and 2 experiments are marked by triangles and squares, respectively͒. The step conductance increase indicates successful capturing of a dsDNA duplex. protection layer. Subsequently, a voltage sweep at a rate of 1 mV/7 s was applied to the bowtie structures at room temperature by using a Keithley 4200 parameter analyzer. The sweep was used to stress the constriction till tunneling current was detected ͑when conductance Ͻ2e 2 / h͒. As a consequence, a sub-2 nm gap and a self-aligned hole in the PMMA ͑ϳ100 nm in diameter͒, exposing the electrode tips, were simultaneously formed. A single-stranded oligonucleotide ͑5Ј-SH-GCGCGCGC-3Ј͒ was purchased in disulfide form from Sigma-Aldrich Ltd. The sequence of the DNA molecules was designed to be self-complementary to form a duplex structure upon hybridization. The length ͑ϳ2.7 nm͒ ͑Ref. 34͒ of eight base pairs is slightly larger than the narrowest separation of the nanogap ͑ϳ2 nm͒ fabricated by electromigration, to ensure that the nanogap can be bridged by the dsDNA. The DNA strands were hybridized in phosphate buffered saline ͑PBS͒ buffer solution ͑0.1 M sodium chloride, 10 mM sodium phosphate, and pH 7͒ by annealing at 85°C for 5 min, followed by slow cooling to room temperature ͑27°C͒ to form a duplex structure. 35 The melting temperature ͑T m ͒ of the self-complementary DNA duplex was determined to be 32°C by using a SHIMADZU UV-2450 spectrophotometer.
The capture of an individual DNA duplex between the nanogap electrodes was achieved by electrostatic trapping ͓Fig. 1͑a͔͒. 22, 36, 37 A 10 l droplet of dsDNA solution ͑10 M in PBS solution͒ was first added to the PMMAprotected nanogap. Upon applying 1 V of bias between the electrodes with a 100 M⍀ series resistor, a DNA duplex is polarized by the electric field and attracted to the nanogap. The trapping of the DNA duplex enables current flow through the circuit, resulting in most of the bias voltage being dropped across the series resistor. The probability of trapping a second DNA duplex is thus greatly reduced due to the reduced electric field between the electrodes. 22 It should also be noted that since both ends of the DNA double-helix are terminated with the thiol group, it is possible for both ends to be bound to the same electrode. In this case, the dsDNA does not bridge the gap, and the trapping electric field remains until such time that a dsDNA does get trapped and bridges the gap. As shown in Fig. 1͑b͒ , we observed a large steplike increase in the conductance when a dsDNA was captured. We attribute the increase in the conductance to the trapping of the dsDNA between the electrodes. Figure 1͑b͒ shows two typical in situ trapping experiments of conductance measurements obtained from two different devices as a function of time. For example, in the second trapping experiment, the initial conductance of ϳ2 nS measured from 0 to 16 s is attributed to current flow between the nanogap electrodes that are selectively exposed to the ionic electrolyte solution through the PMMA hole structure. After 17 s, we observed a sharp increase in conductance ͑to 9 nS͒, indicating the capture of the dsDNA.
The conductance of the captured dsDNA was then electrically characterized in the same buffer solution after removing the series resistor. The captured DNA duplex is covalently bonded to the Au electrode through thiol-Au bonding as illustrated in Fig. 2 ͑inset, right͒. Figure 2 also shows a typical IV characteristic of the DNA duplex from Ϫ200 to 200 mV at a ramp rate of 5 mV/50 ms, demonstrating Ohmic behavior of the DNA. The dsDNA conductance of 0.09Ϯ 0.02 S was obtained from 15 sample measurements as shown in Fig. 2 ͑inset, left͒, which is consistent with the value of 0.1 S reported by Xu and co-workers. 28 The deviation in the conductance probably originates from multiple causes, including the spatial arrangement of DNA duplex, the variation in counter ions attached on the backbone of the DNA, and hydrogen bonding interaction. 38 The ionic current from solution that affects the measured conductance is ruled out as the polymer-protected nanogap device limited this current to tens of picoamperes.
Why is a DNA duplex conductive in aqueous solution? In theory, the hybridization of z orbitals in dsDNA could lead to conducting behavior. 26 According to Cuniberti and co-workers, 39 the conduction observed could result from a strong perturbation of the electronic system mediated by the dissipative water environment. The perturbation may modify the low-energy electronic structure of the DNA strand and induce new energy states, which could induce increased conduction. It has been reported that DNA conductance exhibits an exponential increase up to 10 6 times with increased humidity as the current does not flow through the DNA itself but flows through the water layer adsorbed at the DNA backbone. 40 Our experimental results show that upon drying or immersion in de-ionized water, the conductance of the captured DNA duplex is significantly reduced ͑Fig. 3͒. We propose that the conduction is not only contributed from the DNA duplex that bridges over the nanogap electrodes but also from the counter ions attached to the backbone of the DNA and from water molecules absorbed via ionic conduction. 41 It is observed that the current is only in the order of tens of picoampere with significant background noise when the DNA is dried or immersed in de-ionized water, suggesting nonconducting behavior of the captured DNA under these conditions. In de-ionized water, the ds-DNA would be denatured due to the absence of counter ions, which are necessary to hold the negatively charged oligonucleotide backbones together. In the case of dehydrated samples, there are no counter ions or water molecules to create conduction paths.
To confirm that the DNA duplex is indeed trapped between the electrodes, in situ DNA melting experiments were carried out. Upon melting, the rigid rodlike 41, 42 DNA duplex denatures and no longer bridges the nanogap, thus resulting in a conductance drop of the device. A thin-film heater was placed underneath the dsDNA-trapped nanogap device, and the temperature of the device was monitored with a thermocouple. The conductance of the DNA duplex in solution was monitored in situ at an applied bias 100 mV as it was being heated. From the time interval of 0 to 150 s, the conductance of ϳ0.1 S is largely due to the current flow through the captured-DNA duplex ͓Fig. 4͔. Over the time interval of 150-200 s, we observed the decreased conductance of the device, indicating the occurrence of denaturing process of the DNA duplex as the temperature of the device ͑Ͼ40°C͒ exceeded the DNA melting temperature ͑ϳ32°C͒ ͓Fig. 4͔.
In summary, the polymer-protected sub-2 nm nanogap device enables in situ monitoring of electrical trapping of a dsDNA. The conductance of the captured-DNA duplex was electrically characterized and showed Ohmic-like conductance of 0.09 S Ϯ 0.02 S, which is consistent with the literature value of 0.1 S. Additionally, in situ DNA melting experiments and conductance measurements were carried out in buffer solution to provide direct evidence of trapping of the DNA duplex between the electrodes. Further investigations of the conductance of DNA duplex with different lengths and base pairs using the polymer-protected nanogap device are currently underway in our laboratory.
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